Abstract-This paper will present the modelling, analysis and design of a load-independent Class EF inverter. This inverter is able to maintain zero-voltage switching (ZVS) operation and produce a constant output current for any load value without the need for tuning or replacement of components. The loadindependent feature of this inverter is beneficial when used as the primary coil driver in multi-megahertz high power inductive wireless power transfer (WPT) applications where the distance between the coils and the load are variable. The work here begins with the traditional load-dependent Class EF topology for inversion and then specifies the criteria that are required to be met in order achieve load-independence. The design and development of a 240 W load-independent Class EF inverter to drive the primary coil of a 6.78 MHz WPT system will be discussed and experimental results will be presented to show the load-independence feature when the distance between the coils of the WPT system changes.
A. Introduction
Resonant soft-switching converters, such as Class E and Class EF 2 inverters, are commonly used in high power inductive WPT systems that operate at multi-megahertz frequencies due to their efficient operation and simple construction [1] , [2] . However, they are only designed to operate at optimum switching conditions for a fixed load and therefore are highly dependent on the load value. They are less tolerant to load variations compared to other inverters, such as Class D inverters, which causes them to become less efficient as the load deviates from its optimum value. Consequently, this limits the WPT system to function efficiently only at a fixed coil separation distance and for a narrow load range.
There have been attempts to tune the Class E inverter while in operation to compensate for any variations in the load by using saturable reactors and varactors [3] . While these methods can increase the load range that Class E inverter can tolerate, they require either the user to tune them manually by observing the MOSFET's drain waveform or require a control loop to be implemented. Additionally, the tuning elements can limit the Class E inverter to operate at higher power levels.
It was shown in [4] , [5] that the Class E and Class φ 2 inverters when used with a finite-DC inductor instead of the usual choke, can be designed such that the they achieve zerovoltage switching (ZVS) and produce a constant output voltage as the load resistance varies. These designs extends the load range at which the Class E and Class φ 2 inverters can operate efficiently from infinite load resistance (open circuit) to a certain minimum load resistance. Although these designs can be
The Class EF inverter applied to several applications, such as high frequency DC/DC converters, they cannot be applied efficiently in inductive WPT application where the distance between the coils changes. This is because the load will range from zero resistance (short circuit) when the coils are completely separated from each other to a certain maximum load resistance when the coils are closest to each other. In this paper, we will introduce a new design for a loadindependent Class EF inverter that achieves ZVS and produces a constant output current, rather than a constant output voltage, regardless of the load resistance. A constant output current allows this new design to operate efficiently for a load range from zero resistance (short circuit) to a certain maximum load resistance making a more compatible coil driver for a inductive WPT system. We will first present a mathematical model to derive the conditions for load-independence operation. We have developed an initial prototype inverter for a 60 W 6.78 MHz inductive WPT system and experimental results will be presented to show the load-independence feature.
I. THE CLASS EF TOPOLOGY

A. General Model
The Class EF inverter circuit is shown in Fig. 1 . Inductor L 2 and capacitor C 2 are the added series LC network which is tuned to a frequency in between the switching frequency and the second harmonic of the switching frequency. The ratio of the resonant frequency of L 2 C 2 to the switching frequency is represented by parameter q 1 .
The current I y is sinusoidal and is given by
where I m is the output current's magnitude and φ is its phase. It is assumed that switch is on for the period 0 ≤ ωt < 2πD and off for the period 2πD ≤ ωt < 2π. In [6] a detailed analysis was performed on Class EF inverters and the general form of the equations that describe the voltages and currents of the inverter were derived. Here, we will only present the final form of the equations that will be used to specify the conditions for load-independence operation. Beginning with the series L 2 C 2 network, its current is given by
where
and the coefficients A 2 and B 2 are to be determined based on the equation's boundary conditions. The boundary conditions are determined from the current and voltage continuity conditions when the switch turns on and off. Parameter p is referred to as the loading parameter. The current in capacitor C 1 is given by
The drain voltage for the period 2πD ≤ ωt < 2π is given by
and
The voltage across the load resistor and the residual impedance in the output load network is given by
B. Effect of Load Variation Fig. 2 shows the effect of the load resistance varying by 25 % above and below the optimum load for a Class EF 2 inverter [6] . It can be noticed that ZVS is lost once the load varies above or below its optimum value. For higher load resistances the switch turns at a positive voltage which discharges the charge in capacitor C 1 which results in a large current spike to flow through the switch. In practice, the current spike results in energy being lost in the switch's on resistance which then degrades the overall efficiency. It can also cause damage to the switch if its value exceeds the switch's current rating. The same occurs when the load resistance is below its optimum value. However, since a MOSFET with body diode is commonly used in such circuits, its body diode begins to conduct once the MOSFET's drain to source voltage crosses zero volts and exceeds the diode's forward. The current spike has a much lower magnitude here since the diode's forward voltage is low. Nevertheless, the overall efficiency will still degrade. Furthermore, in all cases, the output current and voltage across the resistor R L will change as its value changes.
C. Load-Independence Operation Criteria
To achieve load-independent operation, the following criteria are to be met regardless of the load value:
• Constant output AC current Eq. 10 can be written in the form
Since it has been assumed that there are no losses in the circuit, all the power supplied by the input voltage is consumed in the load. The following equation can be obtained
Substituting the above equation in Eq. 12 gives
The loading parameter p would increase as the load resistance decreases and vice versa. Thus p can always be a positive real number. Referring to Eq. 14, achieving a constant output current against any load variations means the parameters of the circuit, mainly the phase φ should be constant for any value of p (i.e. independent of p). This criteria means that the rate of change of Eq. 14 with respect to p should be zero, this can be represented by • Constant switching at zero-voltage Zero-voltage switching or 'high efficiency' operation can be achieved by setting the switch voltage in Eq. 7 to zero which produces the following equation
(16) Fig. 3 shows the voltage and current waveforms of the Class EF inverter at different load resistance values. It can be seen that constant output current and ZVS are maintained as the load varies from its nominal value (R nom ).
The output current for a desired p and load resistance is
The value of capacitor C 1 is
For a given design the value of reactance X will also be fixed and independent of the load. Therefore function ψ 2 can only be dependent on q, k, φ and D. As a result, the reactance X normalised to ωC 1 for given solution set of q, k, φ and D is
II. DESIGN EXAMPLE & EXPERIMENTAL VERIFICATION
A load-independent Class EF inverter is to be designed to generate a constant output current with an amplitude of 10 A at 6.78 MHz for a inductive WPT system. The load resistance, as seen by the inverter, is expected to vary from a maximum 5 Ω to a minimum 0 Ω and the coil inductance is 1.35 µH.
We first begin by choosing values for q 1 and the duty cycle. During the initial analysis and derivation of this work, it has been found a q 1 value of 1.5 and a duty cycle value of 30 % result in operation at a high power-output capability and low variation in the drain waveform. Next, we choose the input DC voltage. The input voltage should be chosen at the point where the output-capacitance of the switching device begins to reach a steady value. The switching device chosen is the GS66504B MOSFET (600 V) from Gan Systems. We find that an input DC voltage of 175 V is suitable.
Next, we use Eq. 17 to find the value of the loading factor p by substituting the required output current value, the input DC voltage and the maximum load resistance. We find the value of p is 3 and consequently the value of parameter k is 0.656. From Eq. 18 we find the value of capacitor C 1 is 632 pF. Using the obtained value of k, we find the value of capacitor C 2 is 476 pF and consequently the value of inductor L 2 is 414 nH. From Eq. 19 we find the value of the residual reactance X is 298 nH. Subtracting this value from the given coil inductance gives an inductance value of 1.35 µH. Capacitor C 3 should resonate with this inductance value at the switching frequency, consequently the value of capacitor C 3 is 527 pF. We now have all the component values, a load-independent Class EF inverter was then implemented in a WPT system. Fig. 4 shows the circuit diagram of the setup. Inductor L 3 represents the inductance of the primary coil of the WPT system and consisted of two turns of 7 AWG wire and had a diameter of 16 cm. The secondary coil was constructed with the same dimensions of the primary coil. A series capacitor (C s ) was connected to the secondary to achieve resonance. This was done in order to reflect a resistive impedance to the Class EF inverter. A fixed 50 Ω resistor was used to load the secondary coil. Fig. 5 shows a photograph of the developed load-independent Class EF inverter.
The testing of the load-independence operation of the Class EF inverter was achieved by varying the distance between the primary and secondary coils of the WPT system. The variation in distance alters the magnetic field coupling between the coils and this causes the load resistance seen by the Class EF inverter to change. The load resistance seen by the inverter increases when coils are brought closer to each other and decreases as the coils are moved farther away from each other. Since the Class EF inverter generates a constant output current, the power delivered to the load increases as the coupling between the coils is increased. Fig. 6 shows a set experimental voltage and current waveforms for different input powers. At 21 W input power, the coils are completely separated from each other and there is no magnetic coupling between them and most of the input power was dissipated in the equivalent series resistance of the primary coil. The input power to the inverter increased as the coils were brought closer to each other. The highest power that was drawn by the inverter before reaching the thermal limit of the MOSFET and the 50 Ω load was 238 W. It can be seen from the waveforms that ZVS and constant output current of 10 A were maintained across the entire input power range.
III. CONCLUSIONS
This paper presented the design and development of a high frequency load-independent Class EF inverter that is able to maintain ZVS and deliver a constant output AC current regardless of the load value without requiring tuning or replacement of components. This inverter is beneficial in multi-megahertz applications that have a wide load range such as WPT. The load-independence operation was demonstrated in a 6.78 MHz inductive WPT system and it was shown that the inverter was able to operate over a power range from 21 W to 238 W while maintaining ZVS and driving the primary coil of the WPT system at a constant current of approximately 10 A.
